Growing evidence indicates that phosphoserine phosphatase (PSPH) is up-regulated and correlates with prognosis in multiple types of cancer. However, little is known about the roles of PSPH in NSCLC. Thus, the aim of the present study was to demonstrate the expression of PSPH in human NSCLC and reveal its biological functions and the underlying mechanisms. qRT-PCR, western blot and immunohistochemistry were used to assess the expression of NSCLC patient specimens and NSCLC cell lines. The functions of PSPH in migration and invasion were determined using trans-well and wound-healing assays. Cell proliferation capacity was performed by cell counting kit-8 (CCK-8), colony formation assays and cell cycle analysis. We demonstrated that PSPH was overexpressed in NSCLC specimens compared with the adjacent non-tumorous specimens, and high expression of PSPH was associated with clinical stage, metastasis and gender in NSCLC. Decreased expression of PSPH inhibited NSCLC cells migration, invasion and proliferation. Most importantly, further experiments demonstrated that PSPH might regulate NSCLC progress through MAPK signaling pathways. Lastly, immunohistochemistry (IHC) revealed that the PSPH expression level was positively correlated with the clinical stage in NSCLC patients. These results suggest that PSPH may act as a putative oncogene and a potential therapeutic target in NSCLC.
Introduction
Lung cancer is the most frequently-occurring tumor and the leading cause of cancer-related death worldwide [1] . As the predominant type of lung cancer, non-small cell lung cancer (NSCLC) accounts for about 85% of all lung cancer cases [2] . According to the histopathology, NSCLC can be divided into adenocarcinoma, squamous cell carcinoma and large cell carcinoma. Among these types, adenocarcinoma cases account for the largest number of NSCLC cases, especially in China. Despite great clinical improvements in the systematic treatment were performed for lung cancer patients, the 5-year survival rate remains less than 15% after initial diagnosis [3] . More than 90% of NSCLC patients are triggered by tumor progression, especially distant metastasis, and metastasis has been a critical contributor to mortality rate [4] . Furthermore, though conventional tumor biomarker examination techniques are wildly used, there is no effective and predictable biomarker for the early NSCLC metastasis. Therefore, exploring potential therapeutic targets of NSCLC metastasis is required for more effective clinical therapies.
Phosphoserine phosphatase (PSPH) is a member of haloacid dehalogenase (HAD) superfamily and contains the conserved N-terminal DXDXT(T/V) motif sequence, which is utilized in the L-serine biosynthesis process and converts phospho-L-serine to L-serine [5] . Several reports indicate that PSPH
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International Publisher mainly participates in multiple fundamental aspects of cell behavior such as proliferation and differentiation by producing a precursor for the biosynthesis of diverse compounds including neurotransmitters, phospholipids, glycolipids, purines, and thymidine. For example, PSPH deficiency induces congenital neurological abnormalities such as Williams syndrome, and neural tube defects by inhibiting precursor compounds biosynthesis [6] . On the other hand, augmented PSPH expression level is associated with a number of cancers including cutaneous squamous cell carcinoma, breast cancer, colorectal cancer, gastric cancer and hepatocellular carcinoma [7] [8] [9] [10] [11] . Interesting, PSPH is located on the short arm of chromosome 7p11.2, a frequent chromosome amplification region has been observed in NSCLC [12] . Although various studies of PSPH are being conducted in other tumors, very little is known about the functional significance of PSPH dysregulation in NSCLC. In this study, we aimed to identify the potential role and mechanism of PSPH in NSCLC.
Results

PSPH is overexpressed in NSCLC and associated with NSCLC metastasis and progression
To assess the potential clinical significance of PSPH expression in NSCLC progression, we analyzed PSPH mRNA expression in 73 pairs of human NSCLC tissues and their corresponding nontumorous tissues by qRT-PCR. The relationship between the PSPH expression levels and the clinicopathological characteristics of the NSCLC patients is summarized in Table 1 . The results showed no statistically significant correlations between PSPH mRNA expression and age, pathological type, differentiation and tumor size. However, we observed that PSPH expression was almost up-regulated threefold in NSCLC tissues compared with corresponding nontumorous tissues ( Figure 1C ). In addition, PSPH expression was up-regulated in 65.8% of NSCLC cases ( Figure 1A and 1B) . Moreover, its expression was positively correlated with advanced TNM stages (III and IV), lymph node and distal metastasis, and gender ( Figure 1D and 1E). Kaplan-Meier survival was performed to analyze the correlation between the PSPH expression levels and overall survival. Importantly, high levels of PSPH mRNA were remarkably associated with poor outcomes in the 117 NSCLC patient cohort downloaded from GEO ( Figure  1F ). Furthermore, compared with corresponding nontumorous tissues. PSPH protein was overexpressed in NSCLC patient tissues using western blot analysis ( Figure 1G and 1H) . Taken together, our data show that PSPH is highly expressed in lung cancer and related to clinical severity and prognosis. These results indicated that PSPH potentially has a pivotal role in the aggressiveness of NSCLC. ¹The patients were classified into tumor metastasis negative and positive groups (lymph node metastasis and/ or distal metastasis). P-value represents the probability from a Student's t-test for PSPH expression between variable subgroups. *P<0.05, **P<0.01 and ***P<0.001, which was considered to have a significant difference.
PSPH enhances the migration and invasion ability of NSCLC cells in vitro
To clarify the significance of PSPH in human NSCLC metastasis, we investigated the endogenous expression level of PSPH in eight human NSCLC cell lines (A549, H1299, PC9, H1975, H460, H358, H293 and LC-21) through qRT-PCR and western blot analysis. Analysis of the PSPH mRNA and protein expression levels in these cell lines showed that PSPH was markedly up-regulated in A549, H1299, PC9, and H1975 cell lines compared with H460, H358, H293 and LC-21cell lines (Figure 2A and 2B ). In our previous study, we found that the migration and invasion ability of A549, H1299, PC9, and H1975 cells was higher than that of H460, H358, H293 and LC-21 cells using trans-well assays [13] . In general, these results showed that PSPH was significantly overexpressed in highly metastatic lung cancer cells compared with weakly metastatic lung cancer cells.
On the basis of the results showing the facilitation of PSPH expression in highly metastatic NSCLC cells, H1299 and PC9 cells were transfected using a transient transfection strategy by targeting at PSPH to downregulate PSPH expression. PSPH mRNA and protein expression were determined by qRT-PCR and western blot respectively after H1299 and PC9 cells were transfected with the siRNAcontrol or siRNA-PSPH. qRT-PCR and western blot analysis showed more than 80% efficiency in the reduction of endogenous PSPH expression when β-actin used as the internal standard ( Figure 2C and 2D). Compared with the control cells, the invasion and migration of H1299 and PC9 cells, which were infected with si-PSPH, were significantly suppressed ( Figure 3A and 3B) . Subsequently, wound-healing assays were applied to determine the migratory abilities of PSPH, and we observed that migration rates were suppressed in H1299 and PC9 cells transfected with si-PSPH compared to si-NC ( Figure  4A and 4B). These results showed that downregulation of PSPH decreased the invasion and migration of human NSCLC cells. The expression levels of PSPH in 73 paired NSCLC and corresponding noncancerous tissues were measured by qRT-PCR analysis and β-Actin was used as the internal reference gene. B. Overexpression of PSPH mRNA was observed in 65.8% of the NSCLC compared with the corresponding non-cancerous tissues. C. PSPH mRNA was overexpressed in NSCLC tissues compared with the noncancerous tissues (P value =0.0003). D. The up-regulation of PSPH mRNA in NSCLC was associated with tumor metastasis (P value =0.039). The patients were classified into tumor metastasis negative and positive groups (lymph node metastasis and/ or distal metastasis). E. PSPH mRNA expression was detected in different clinical stages of NSCLC (P value =0.004). F. Kaplan-Meier analyses of the correlation between PSPH mRNA levels and overall survival in the 117-patient-GEO cohort (P value =0.025). G. The expression of PSPH protein was detected in paired NSCLC and corresponding noncancerous tissues (T is the abbreviation tumor tissue, N is the abbreviation for noncancerous tissue). H. Overexpression of PSPH protein was observed in NSCLC tissues (P value =0.0003). Error bars represent SD (standard deviation). The statistical analysis was performed using paired t-test for C and H, and Student's t-test for D and E. 
PSPH enhances proliferation of NSCLC cells during G2/M phase in vitro
We then examined the effect of PSPH on cell growth in H1299 and PC9 cells. Cell proliferation was evaluated using a CCK-8 assay, which showed that the inhibition of PSPH suppressed the proliferation of H1299 and PC9 cells ( Figure 5A and 5C). A colony forming assay was also used as a direct method to detect the proliferation ability of cells. We found that the number of colony forming units was significantly reduced after transfected si-PSPH in H1299 and PC9 cell lines ( Figure 5B and 5D ). These results suggested that the expression of PSPH may enhance proliferation of NSCLC cells.
To gain deeper insight into the effect of PSPH in the aspect of cell growth, we examined the function of PSPH on cell cycle progression by flow cytometry. The cell cycle of H1299 and PC9 cell lines was compared before and after PSPH knockdown. Compared with si-NC, si-PSPH resulted in an arrest in G2/M phase in H1299 and PC9 cell lines ( Figure 5E and 5F). Consistent with these findings, we can conclude that PSPH promoted cell growth during the G2/M phase.
PSPH regulates the ERK MAPK and P38 MAPK signaling pathways in NSCLC cells
On the basis of previous studies showing that MAPK signaling pathways could regulate cancer cell proliferation, invasion and migration in multiple ways. Phosphorylated proteins are the form in which they function. Therefore, we examined whether PSPH could regulate phosphorylated protein levels downstream of these pathways. As shown in Figure  6A and 6B, si-PSPH suppressed the phosphorylation of ERK, MEK and P38 compared with the si-NC cohort in H1299 and PC9 cell lines. However, total protein levels of ERK, MEK and P38 were not changed. These data indicate that PSPH potentially facilitate the migration, invasion and proliferation of NSCLC cells by regulating the MAPK signaling pathways.
PSPH protein levels in NSCLC are associated with advanced clinical stage
To further determine the clinical relevance of this finding, we performed immunohistochemical analysis of PSPH protein levels expression in a tissue micarray (TMA) that included an independent set of 75 paired adenocarcinomas and their adjacent noncancerous tissues. Correlations between the PSPH expression level and clinicopathologic characteristics of NSCLC are summarized in Table 2 and Figure 7 . As showed in Figure 7 , not only was the PSPH levels significantly higher in NSCLC tissues compared with matched adjacent controls ( Figure 7A and 7C ), but the proportion of NSCLC specimens with PSPH overexpression was also predominant (7B), which was consistent with our genomic and transcriptional results. Additionally, the expression level of PSPH was higher in patients with clinical advanced stage NSCLC than early stage ( Figure 7D ). However, the results showed no statistically significant correlations between PSPH protein expression and age, gender, differentiation and tumor size. Additionally, due to the limitation of clinical tissues with distant metastasis, we found that no significantly statistical correlations between PSPH protein expression and metastasis, but there was a trend that high PSPH level correlated positively with lymph node metastasis and/ or distal metastasis (P = 0.106). In general, we found that a high level of PSPH positively correlated with clinical stage in NSCLC patients, indicating that PSPH may play an important role in the development and progression of NSCLC. 1 Scoring was measured by the percentage of positive cells with the following staining intensities: less than 25% scored "1"; 25-49.0% scored "2"; 50-74.9% scored "3"; and more than 75% scored "4". 2 The Chi-square (X 2 ) test was used to evaluate the association between the PSPH protein expression and clinicopathologic parameters. P < 0.05 was considered significant. 3 The patients were classified into tumor metastasis negative and positive groups (lymph node metastasis and/ or distal metastasis).
Discussion
Lung cancer has become one of the most frequently-occurring cancer and the leading cause of cancer-related death. Median survival for patients with NSCLC is 13 months [14] . Metastasis, one of the most critical hallmarks of cancer, is the leading cause of cancer-related death worldwide, particularly in NSCLC. For example, approximately 10-25% of patients with lung cancer have brain metastases when the cancer is first diagnosed, and 40-50% of these eventually develop brain metastases during the course of their disease [15] . The median survival of these patients decreases to 2 months [16] . Therefore, there is an urgent need for the identification of metastatic factors and understanding the underlying molecular mechanisms of NSCLC.
Previous studies on PSPH have yielded various results in different malignant cancers. Clinical studies have shown that PSPH overexpression is a promising prognostic and predictive biomarker for advanced colorectal cancer, hepatocellular carcinoma, breast cancer, endometrial cancer and thyroid cancer patients [11, [17] [18] [19] [20] . Another report demonstrated that suppression of PSPH could increase the sensitivity to 5-fluorouracil in colorectal cancer [21] . The proposed mechanism for improved colorectal cancer efficacy involves the depletion of PSPH-mediated serine synthesis and glutathione reservoirs, resulting in the increased accumulation of 5-fluorouracil induced reactive oxygen species. However, PSPH overexpression may play a role in determining sensitivity to erlotinib [22] . In addition, PSPH inhibits apoptosis in hepatocellular carcinoma [11] , promotes cell proliferation in colorectal cancer [20] and promotes osteoclastogenesis in bone metastatic breast cancer [23] . These findings suggest that PSPH may have important functions in human carcinogenesis and may serve as a potential and predictive therapy target for human cancer.
Of note, PSPH gene is located on very close to EGFR on chromosome 7 (positions 7p11.2 and 7p12, respectively). Previous study has indicated that the EGFR region on chromosome 7 is frequently amplified in lung adenocarcinoma [12] . However, little is known regarding its precise biological role in NSCLC process.
In this study, we focused on the effect of PSPH on NSCLC process and showed that PSPH might act as an oncogene during NSCLC metastasis. We observed that PSPH was up-regulated in NSCLC tissue samples compared with the corresponding non-cancerous tissues. Furthermore, the expression was highly associated with lymph node or distant metastasis and clinical stage. In addition, PSPH were significantly overexpressed in highly metastatic cells. Furthermore, our results showed that PSPH could promote the migration, invasion and proliferation of NSCLC cells. To date, PSPH-mediated serine synthesis is known to be up-regulated in cancer cells as a mechanism contributing to enhanced nucleotide and amino acid synthesis metabolism [24] . L-serine synthesis may serve as a metabolic gatekeeper in cell cycle progression by MAPK activation [25] . Ross et al. reported that the MAPK cascade is activated inducing serine biosynthesis in metastatic melanoma cells [26] . Based on previous reports, we speculated that PSPH mediated the deterioration of NSCLC through MAPK signaling pathways. In the present study, our results demonstrated that PSPH overexpression could promote the phosphorylation of MEK, ERK and P38 through western blot analysis. On the basis of these data, we speculated that PSPH may play an important role in NSCLC malignant process through ERK MAPK and P38 MAPK signaling pathways.
In conclusion, we demonstrated that PSPH was up-regulated in NSCLC tissues, and that PSPH overexpression was correlated with clinical stage and metastasis of human NSCLC in this study. PSPH Knockdown inhibited NSCLC cell migration, invasion and proliferation of NSCLC cells through MAPK signaling pathways. Importantly, these findings provide an insight into a novel therapeutic target for NSCLC.
Materials and methods
Cells culture
Eight NSCLC cell lines were used in this study: PC9, A549, H1299, H1975, H460, H358, H292 and LC-21. The human NSCLC cell lines A549, H1299, H1975, H460, H358 and H292 cells used in this study were obtained from American Type Culture Collection (ATCC). PC9 and LC-21 cell lines were gifted from Professor Yao from Shanghai center institute (Shanghai, China). All of them were cultured in Dulbecco's Modified Eagle Media (DMEM) (Gibco, Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Biowest, South America origin) and 1% Pen/Strep Cells (Sigma-Aldrich) and were kept at 37 °C in a humidified air atmosphere incubator containing 5% carbon dioxide. These cell lines were regularly certified as free of mycoplasma contamination, and cell growth and survival quality were assessed by Trypan blue exclusion assay. N) . B. The pie chart represents the proportions of NSCLC samples showing PSPH overexpression and underexpression. C. PSPH was overexpressed in NSCLC tissues compared with the noncancerous tissues (P value =0.000). D. Association between PSPH expression patterns and clinical stages of NSCLC (P value =0.022). The patients were classified into tumor metastasis negative and positive groups (lymph node metastasis and/ or distal metastasis). E. Representative IHC images of the express of PSPH between lung cancer tissues and their adjacent noncancerous tissues. Score was measured by the percentage of positive cells with the following staining intensities: less than 25% scored "1"; 25-49.9% scored "2"; 50-74.9% scored "3"; and more than 75% scored "4".
Clinical human NSCLC specimens
The freshly snap-frozen human NSCLC and their matched adjacent normal adjacent tissues for quantitative real-time PCR (n=73) and western blot (n=12) were collected from Huashan hospital, Fudan University (Shanghai, China) between 2014 and 2017. Paired normal adjacent tissues were taken at a distance of at least 3cm from the tumors. All human surgical specimens were pathologically diagnosed at Huashan hospital. Approval from the Ethical Review Committee of Huashan hospital and written informed consent was obtained from all patients.
RNA extraction and qRT-PCR analysis
Total RNA samples from the paired NSCLC, adjacent noncancerous NSCLC tissue specimens and cell lines in this study were isolated and purified with TRIzol reagent (Invitrogen, CA) according to the manufacturer's protocol, and quantified with Nanodrop 2000 (Thermo, Japan). The reverse transcription was performed with the PrimeScript™ RT Reagent Kit (TaKaRa, Shiga, Japan) according to the manufacturer's instruction. Reverse transcription conditions were as follows: 37°C for 45 min followed by 85°C for 5 s and 4°C forever. The quantitative real-time polymerase chain reaction (qRT-PCR) was subsequently performed with SYBR Green Premix Ex Taq kit (TaKaRa, Japan). RNA expression levels were determined by 7500 software systems, version 2.0.5 (Applied Biosystems, Foster City, CA). The PCR reaction conditions were as follows: 95°C for 10 s followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The information of the primer sequences used was as follows: PSPH (forward primer: 5'-CACGGTCATCA GAGAAGAAG-3' and reverse primer: 5'-GGTTGCT CTGCTATGAGTCT-3'); β-Actin (forward primer: 5'-TGTGGCCGAGGACTTTGATT -3' and reverse primer: 5'-CCTGTGTGGACTTGGGAGAG -3') was used as the internal reference gene for quantifying mRNA levels. Three independent assays were performed. The relative expression levels were calculated by the following formula: 2^-∆CT (∆Ct=Ct target gene -Ct β-actin). When analyzing the mRNA expression level of PSPH in clinical NSCLC samples (n=73), the log 2 (fold change, FC≤-1) was defined as low expression, >1 as high expression, and-1~1 as no change.
Protein extraction
All protein extraction procedures were performed on ice. The cells protein was extracted using a mixture of T-PER Protein Extraction Reagent lysates (Thermo Fisher Scientific, USA) plus protease (Yeasen, China) and phosphatase inhibitors (Yeasen, China) according to the manufacturer's instructions, and then incubated on ice for 30 min. For tissue samples protein extraction, tissue samples were thawed on ice and ground in liquid nitrogen, then dissolved on ice for 45 min. Both lysates were centrifuged with a speed of 12000 rpm for 15 min at 4°C, and the supernatant was collected and frozen at −80 °C. A bicinchoninic acid (BCA) protein assay kit (Pierce, USA) was used to determine the protein concentrations according to the manufacturer's instructions. PBS was used as the standard.
Western blot analysis
Proteins samples were separated by 8% and 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, USA). After blocking in 5% non-fat dried milk for 1 h at room temperature, the membranes were incubated with mouse anti-PSPH (1:200) form Santa Cruz Biotechnology, rabbit anti-p-ERK (1:1000), rabbit anti-ERK (1:1000), rabbit anti-p-P38 (1:1000), rabbit anti-P38 (1:1000), rabbit anti-p-MEK (1:1000) and rabbit anti-MEK (1:1000) from Cell Signaling overnight at 4 °C. Horseradish peroxidase (HRP) conjugated anti-mouse IgG1 (1:5000) from SigmaAldrich and HRP conjugated anti-rabbit IgG (1:5000) from Sigma-Aldrich were incubated as the secondary antibodies for 2 h at room temperature. Then the membranes were washed in PBS-T for three times between each antibody incubation step. After washing, the bands were detected using LumiBest ECL reagent solution kit (Share-bio, China). Band intensities were quantified SuperSignal West Femto Maximun Sensitivity Substrate (Thermo Fisher Scientific, USA) with β-actin levels used as the loading control. The experiments were repeated twice.
Cell migration assays
Cell migration assays were performed in 8-µm pore size Transwell filter chamber inserts (Corning, USA). Cells were diluted 1:1 in 0.2% trypan blue and counted in duplicate using an Olympus microscope (Tokyo, Japan). For migration assays, 5×10^4 cells in 200 µl DMEM without FBS medium were suspended into the upper chamber and 800 µl DMEM supplemented with 10% FBS was added in the lower chamber per well. After incubation for 14 h at 37°C and 5% CO2, cells moved to the bottom surface of the membrane were fixed with 100% methanol for 20 min and stained with 0.1% crystal violet for 10 min and washed with water for three times. Then, the invading cells were counted and imaged in at least 10 random fields under a light microscope (Olympus, Japan). The assays were performed three times independently.
Cell invasion Assays
Before invasion assays, Matrigel (BD Biosciences, CA) was diluted to 1 mg/mL with DMEM without FBS medium and immediately applied to the upper chamber per trans-well. After hydrated for 3 h or 4 h, 1×10^5 cells in 200 µl DMEM without FBS medium were placed into the upper chamber and 800 µl DMEM supplemented with 10% FBS was added in the lower chamber per well. After incubation for 24 h at 37°C and 5% CO2, cells moved to the bottom surface of the membrane were fixed with 100% methanol for 30 min and stained with 0.1% crystal violet for 10 min and washed with water for three times. Then, the invading cells were counted and imaged in at least 10 random fields under a light microscope. The assays were performed three times independently.
Wound-healing assays
For the wound-healing assay, cells were seeded in six-well plates. After the cells reached 80% confluence, a linear wound was carefully made by a 200 ml sterile pipette tip across the confluent cell monolayer, and the cell debris was washed and removed with phosphate-buffered saline (PBS) and then incubated with DMEM supplemented with 1% FBS. Five selected fields at the lesion border were then photographed at 0, 24 and 48 h after wounding, and the migrated areas were measured. All experiments were performed three times.
Clone formation assays
After transfected with siRNA for 48 h, about 1 × 10^3 of H1299 and PC9 cells were seeded in 6-well plates. The plates were incubated at 37°C with 5% CO2 for 7 days until cells had formed sufficiently large clones. Then, the cells were fixed with 100% methanol for 30 min and stained with 0.1% crystal violet for 10 min. The crystal violet was removed carefully and rinsed with tap water. The number of visible colonies was counted. The assays were performed three times independently.
Cell proliferation
In vitro proliferation of NSCLC was determined using WST- 
Cell cycle analysis
The distribution of cell cycle stages was analyzed using flow cytometry. Cells were cultured in six-well plates, harvested and washed twice with ice-cold PBS. Subsequently, cells were and fixed with 70% ethanol diluted in PBS at −20 °C overnight. Following PBS washing, the cells were then collected by centrifugeation at 1000 rpm for 5 min, resuspended and stained with 500 µl propidium iodide (PI) (Beyotime, China) in the dark for 30 min according to the manufacturer's instructions and analyzed by a FACSCalibur flow cytometer (BD Biosciences, USA). The percentage of cells in G0-G1, S, and G2-M phase was counted and compared. The assays were performed three times independently.
RNA interference using siRNA
Cells were transfected with the indicated small interfering RNA (siRNA). Two siRNA oligonucleotides targeted at PSPH were designed and synthesized by RiboBio (Guangzhou, China). The target sequences were as follows: si-PSPH#1: 3′-GGAGCGA AATGTTCAGGTT-5′; si-PSPH#2: 3′-GGCAACAAGT CAAGGATAA-5′; si-NC was used as the control. PSPH was knocked down by transfecting cells using Lipofectamine 2000 Reagents in 6-well plates (Invitrogen, CA) according to the manufacturer's protocols. After transfection for 48 hours, the cells were collected, assessed the specific silencing of PSPH expression using qRT-PCR and WB, and used for migration and invasion assays and so on.
Microarray and expression data analysis
We performed online-available data sets downloaded from NCBI to screen the relationship between the expression level of PSPH and NSCLC patient clinical features. RNA-seq data of NSCLC tumor tissues and/or adjacent non-cancerous tissues were obtained and downloaded from Gene Expression Omnibus (GEO, https://www.ncbi.nlm. nih.gov/geo). Overall survival data of 117 NSCLC patients from GEO (GSE13213) were analyzed using a Kaplan-Meier survival plot.
Immunohistochemistry (IHC)
Patient samples in this study were obtained following informed consent, according to an established protocol approved by the Ethics Committee of the Huashan Hospital, Fudan University. Matched pairs (n= 75) of lung adenocarcinoma tissues and adjacent noncancerous tissues were used for the construction of a tissue microarray (Shanghai Biochip Co., Ltd. Shanghai, China).
Immunohistochemical staining was performed to detect the expression of PSPH protein in NSCLC tissues and matched noncancerous tissues. The primary antibody against PSPH was obtained from Proteintech (1:100). The slides were examined and scored by a pathologist who had no prior knowledge of the clinical origins of the specimens.
Statistical analysis
The results were presented as mean ± standard error of the mean (SEM) from one representative experiment out of three independent experiments unless stated otherwise and imaged by using GraphPad Prism 5 software (GraphPad Software, USA). The comparisons of quantitative data between two groups or between more than two groups were analyzed by Student's t test between two groups or one-way analysis of variance (ANOVA) respectively using SPSS. P < 0.05 was considered statistically significant. 
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